INTRODUCTION
Diastatic strains of Saccharomyces cerevisiae (formerly Saccharomyces diastaticus; Barnett et al., 1983) contain one or more polymeric STA (or DEX) genes and release glucoamylase (1,4-oc-D-glucan glucohydrolase, EC 3.2.1.3) into the culture medium (Erratt & Nasim, 1987) . Laboratory and industrial strains of S. cerevisiae lack this capacity and so cannot degrade and utilize exogenous starch as a carbon source. The glucoamylases ofthese diastatic yeasts are attracting increasing attention because ofgrowing interest in using strains of S. cerevisiae for direct production of ethanol or biomass from substrates containing starch as main carbon source (Laluce & Mattoon, 1984; Spencer-Martins & Van Uden, 1977) . Additional significance attaches to these glucoamylases as being members of the very small group of proteins that are naturally secreted into the culture medium by S. cerevisiae (Schekman & Novick, 1982) .
The present paper describes a simple procedure for isolating glucoamylase from the culture medium of S. cerevisiae (formerly S. diastaticus) N.C.Y.C. 625 and a derivative strain. Some physical and kinetic properties of the enzyme are also reported. Preliminary accounts of this work have appeared elsewhere (Patel et al., 1982 (Patel et al., , 1984 . EXPERIMENTAL 
Materials
Bulk chemicals were from BDH Chemicals, as were the maltodextrins. Dextrin was type I bacteriological grade from Sigma Chemical Co. (catalogue no. D-2006, lot 64C-0250) . Standard isoelectric-point markers (catalogue no. 44270 2G) were from BDH Chemicals. Fine chemicals were from Sigma Chemical Co. Electrophoretic and gel-filtration standards, DEAE-Sephadex A-50, Sephacryl S300 and polyacrylamide-gradient slab gels were from Pharmacia. Thin-layer polyacrylamide plates for isoelectric focusing (PAG plates) were from LKB Produkter. Bisacrylamide was from Eastman-Kodak Ltd., and NNN'N'-tetramethylethylenediamine from Rose Chemicals Ltd. Aspergillus oryzae glucoamylase (A3527) and Rhizopus glucoamylase (A7255) were both from Sigma Chemical Co.
Saccharomyces cultures
Strain N.C.Y.C. 625 was obtained from the National Collection of Yeast Cultures, Food Research Institute, Norwich, U.K. Strain lab', a prototrophic diploid homozygous for a glucoamylase-determining gene, was derived from an initial cross between a spore culture of strain N.C.Y.C. 625 and a non-diastatic laboratory tester strain (Patel, 1985) .
Batch cultures were grown for 5 days at 28°C in a yeast extract (Difco; 10 g/l)/maltose (20 g/l) medium, with vigorous agitation in an orbital shaker to ensure thorough aeration, starting from a 24 h preculture grown on solid medium.
Enzyme assay (i) Quantitative determination of glucoamylase activity employed a commercial glucose assay kit (Sigma Chemical Co. catalogue no. 15-UV, containing hexokinase, glucose-6-phosphate dehydrogenase, NADP+ and buffer salts) to measure release of glucose from a glucoamylase substrate (routinely maltotriose at 10 mm or soluble starch at 0.01 %, w/v, final concentration). A 0.2 ml § To whom correspondence should be addressed.
Vol. 249 163 portion of the glucose-assay-kit medium (at 10 times the concentration recommended by Sigma Chemical Co.), distilled water and substrate were added to a 1 ml quartz cuvette, mixed, and the absorption at 340 nm was monitored with a temperature-controlled Pye-Unicam SP. 1800 recording spectrophotometer at 30°C, coupled to a chart recorder. When any small absorbance changes caused by slight amounts of contaminating glucose had ceased, glucoamylase-containing solution at 30°C was added to adjust the final volume to 1.0 ml, the contents were mixed, the cuvette was immediately returned to the spectrophotometer, and the reaction was allowed to proceed (for approx. 5 min). Enzyme activity was determined from the linear rate of absorbance rise, 1 enzyme unit being defined as the amount of activity releasing 1 ,umol of glucose from substrate/min at 30 'C.
(ii) Semi-quantitative activity determinations (as in preliminary assays of column fractions) employed the chromogenic substrate p-nitrophenyl a-D-glucopyranoside. Portions (0.01 ml) of p-nitrophenyl a-Dglucopyranoside (1 mg/ml) were pipetted into the wells of a Sterilin micro-titre plate and mixed with an equal volume of solution to be assayed, or water (control). The plate was wrapped in Clingfilm and incubated overnight at 37 'C. Glucoamylase activity caused a visible yellow coloration (p-nitrophenol), which could be scored visually or measured, after dilution, in a spectrophotometer, as absorbance at 400 nm.
Protein assay
Protein concentrations were determined either from the absorbance at 280 nm (Warburg & Christian, 1941) or by using the commercial colorimetric assay procedure produced by Bio-Rad Laboratories (catalogue no. 500-0001). The protein standard was bovine serum albumin.
Amino acid analysis
Protein samples (3 mg) were hydrolysed at 110 'C for 18, 24, 36 and 48 h in 5.87 M-HCI. Hydrolysates were analysed on an automatic amino acid analyser (Locarte), with norleucine (25 nM) as an internal standard.
Tryptophan was measured spectrophotometrically in the native protein by the method of Beaven & Holiday (1952) .
Carbohydrate assay
Carbohydrate was determined by using the phenol/ H2SO4 method (Dubois et al., 1956) , with glucose standards. All assays were performed in triplicate.
Carbohydrate composition
Alditol acetate derivatives of neutral sugars released from the glycoprotein by acid hydrolysis were prepared essentially as described by Albersheini et al. (1967) 
Electrophoresis
Non-gradient native polyacrylamide gels (7.5 %) in tube or slab form were prepared and run by following standard methods (Hames, 1981) .
Pharmacia gradient slab gels (PAA 4/30) were used according to the manufacturer's directions, electrophoresis continuing until proteins had reached their gelpore limits. A mixture of standard proteins was run in flanking lanes to enable the Mr of the glucoamylase to be determined by plots of logM, versus mobility. 
Isoelectric focusing
Glucoamylase samples were electrofocused in LKB PAG plates (pH ranges 3.5-9.5 or 4.0-5.0) in an LKB Multiphor unit and were stained and destained, all according to the manufacturer's recommended procedure. Standard proteins were electrofocused simultaneously. The positions of the standard proteins on the PAG gel were determined and yielded a pH profile of the gel from which the glucoamylase isoelectric point was determined.
Gel filtration
A column (2.5 cm x 40.0 cm) of Sephacryl S300 (superfine grade) was used to determine the glucoamylase Mr, by following the general method of Andrews (1965 was plotted, and the sedimentation coefficient was calculated by the method of Schachman (1959) .
Equilibrium centrifugation Analytical equilibrium ultracentrifugation of glucoamylase samples was performed on a Beckman model E analytical ultracentrifuge. The protein samples (4.28 and 7.14 mg/ml) were exhaustively dialysed against 0.1 Mpotassium phosphate buffer, pH 7.0. Centrifugation, with a 12 mm multichannel centre-piece with sapphire windows in an AnJ rotor, was effected at 4611.5 rev./min for 75 h at 5-6 'C. The solvent density was 1.0008 at 5-6 'C. Observations were made with the use of Raleigh interference optics, and Mr values were calculated by the method of Nazarian (1968 Thermostability Samples of fungal glucoamylases were incubated at 41, 51, 60 and 65 'C in 10 mM-citrate/phosphate buffer, pH 6.5. Samples were removed at time intervals, chilled in an ice bath, and later assayed at 30 'C for glucoamylase activity by using enzyme assay (i). Sensitivity to denaturants Samples of fungal glucoamylases were incubated with maltotriose (20 mm final concentration) in a range of concentrations of either urea or SDS, at 30 'C for 10 min. Samples (10 ,u) of the incubations (total volume 1 ml) were assayed for glucose [by using method (i) and a total assay volume of 1 ml] before and after the incubation in order to determine glucoamylase activity in the presence of the denaturant.
RESULTS AND DISCUSSION Purification of glucoamylase
The strain mainly used for glucoamylase isolation, labl, was a diploid capable of normal sporulation, and it was selected as the enzyme source because it produced substantially higher extracellular glucoamylase activity than the parent diastatic strain. N.C.Y.C. 625, under the standard culture conditions. This difference was also seen at the level of glucoamylase specific activities in the post-culture supernatants, which were about 0.4 ,umol of glucose/min per mg of protein for strain lab' and 0.03,umol of glucose/min per mg of protein for strain N.C.Y.C. 625.
For bulk enzyme isolation, cells were separated from the culture medium by low-speed centrifugation (at 4000 g for 10 min at 4 'C). Preliminary experiments showed that no significant concentration of enzyme by precipitation could be effected either by (NH4)2SO4 (up to 76%, w/v, final concentration) or ethanol (up to 80%, 0/ v/v), so the cell-free supernatant was concentrated by freeze-drying in an FTS Flexi-Dry freeze-drier. The freeze-dried material was dissolved in a minimal volume of 50 mM-citrate/phosphate buffer, pH 6.0, and applied to a DEAE-Sephadex A-50 column (20 cm x 2 cm) that had been equilibrated in the same buffer. The column was washed with the loading buffer and glucoamylase activity was recovered in the eluate as a broad peak (see Fig. 1 ). All these operations were conducted at 4 'C. Table 1 gives an example of the purification. The early fractions from the column had the highest specific activity (e.g. pool 1 in Table 1 ) and were essentially pure on the basis of several criteria. Polyacrylamide-tube-gel electrophoresis of the purified enzyme yielded only a single band staining with Coomassie Blue, which was coincident with a single peak of glucoamylase activity, as assayed in extracts of gel slices . Isoelectric focusing of the enzyme preparation also showed only a single Coomassie Blue-staining band (see Fig. 2 ), and the enzyme sedimented as a single symmetrical peak during velocity ultracentrifugation .
The specific activity obtained here after purification (1.66,umol of glucose/min per mg of protein; see Table  1 ) was similar to the values achieved by Erratt (1980) for five yeast (S. diastaticus) glucoamylases (1.43, 0.62, 1.29, 3.4 and 0.465,umol of glucose/min per mg of protein) by using a four-step procedure. The yield observed here (8 %; see Table 1 ) is similar to the yields (2-7 %) reported by Erratt (1980) . The purification effected in the present work, in a single step, was assisted by the fact that the glucoamylase specific activities routinely found in the culture supernatants of strain labl were some 10-fold higher than those recorded for other diastatic strains [e.g. 0.03,mol of glucose/min per mg of protein for strain N.C.Y.C. 625 and around 0.04 #smol/min per mg of protein for the strains used by Erratt (1980) ].
Enzyme properties: physical
The Mr of the purified glucoamylase was investigated by polyacrylamide-gradient-gel electrophoresis, equilibrium centrifugation, gel filtration and velocity centrifugation. Glucoamylase electrophoresed to its pore limit in gradient gels occupied a broad band between Mr limits of Vol. 249 (Ballou, 1982) . The value for the lab' glucoamylase is exceptionally high, though a similar carbohydrate content (about 80 %) has been reported for the glucoamylases of other yeast strains (Erratt, 1980 Ballou, 1982) . Endo-,l-Nacetyl-D-glucosaminidase H treatment of the purified glucoamylase altered the behaviour of the enzyme on polyacrylamide-gradient-gel electrophoresis by lowering the Mr to 270000 and narrowing the zone width, giving limits of 258000 and 283 000 . This suggested that at least some of the carbohydrate was linked via chitobiose units to asparagine residues in the protein (Tarentino et al., 1974) .
In the equilibrium-centrifugation analyses, plots of log AQJ against r2 were linear through most of the cell sector, though slight upward curvature was seen towards the bottom. Fitting straight lines to the plots for the 4.28 mg and 7.14 mg of protein/ml samples, and taking 1-ep = 0.2694, yielded Mr values, with standard deviations, of 231 500 + 890 and 202 600 + 730 respectively. In the case of gel filtration, purified glucoamylase was eluted from a calibrated Sephacryl S300 column in two . The peak of smaller Mr presumably corresponds to the species of mean Mr around 2.5 x 105 seen on gel electrophoresis and equilibrium centrifugation, while the larger peak may represent species generated by selfassociation, though the anomalous behaviour of glycoproteins on gel filtration (Andrews, 1970 ) makes interpretation problematical. Sedimentation-velocity experiments also gave anomalous results. Plots of ln r versus time at 40000 rev./min and 60000 rev./min were linear over the 100 min measurement period and gave s values of 3.97 and 3.44 S respectively. Assuming a partial specific volume of 0.74 ml/g, and a diffusion coefficient (D20,w) of 6.151 [the mean of the values determined by Tamaki (1980) SDS/urea/polyacrylamide-gradient-gel electrophoresis showed SDS-denatured glucoamylase migrating as a band of mean Mr 72000 (limits of 66000 and 78000) .
The Mr data collectively suggest that the native glucoamylase is a tetramer of Mr about 250000. This may be capable of association to higher-Me forms, and denaturation dissociates the enzyme to a monomer of Mr about 70000. If the diffusion coefficient taken from Tamaki's (1980) work is indeed similar to that of the lab' enzyme, it would seem that centrifugal force can also dissociate the enzyme, as argued by Chu et al. (1983) in the case of yeast invertase. The anomalous behaviour of the enzyme and the inconsistencies in Mr determinations are probably consequences of the enzyme's especially large carbohydrate moiety.
The putative tetramer Mr is quite similar to the Mr of 300000 seen for the five extracellular yeast glucoamylases studied by Erratt (1980) . By contrast, the three glucoamylases characterized by Tamaki (1980) have Mr values (68000, 84000 and 79000 for enzymes from strains carrying STAI, STA2 or STA3 genes respectively) closer to that of the putative lab' monomer, whereas in another study the glucoamylase of a STA1-gene-bearing strain is reported to be heterogeneous in Mr (ranging from 66000 to 80000) and to consist of two non-identical subunits (Yamashita et al., 1984) .
The most striking features of the amino acid composition of the lab' glucoamylase (see Table 2 ) are the high content of serine and threonine and of aspartic acid plus asparagine. Some of these residues may occur in the AsnXaa-Thr (or Ser) configuration typical of N-glycosylation sites (Struck et al., 1978) , since endo-fl-N-acetyl-D- The half-lives for the S. cerevisiae, Aspergillus and Rhizopus enzymes were determined as described in the text; those for the S. diastaticus strains are from Yamashita et al. (1985b) .
Half-life (min)
At 40°C At 50°C At 51°C At 55°C At 60°C At 65°C glucosaminidase H treatment appeared to remove some carbohydrate, and the glucoamylase of strain 5106-97 (STAI-gene-bearing) is extensively N-glycosylated (Yamashita et al., 1984) . However, in the seine-and threonine-rich extracellular glucoamylases of fungi such as Rhizopus (Takahashi et al., 1978) , Aspergillus niger (Pazur et al., 1970) and Aspergillus saitoi (Takahashi et al., 1981) , much of the carbohydrate is 0-linked to hydroxy amino acid residues (Pazur et al., 1980) , and this might also occur in the lab' glucoamylase. The preponderance of acidic over basic residues in this enzyme may be reflected in the isoelectric point, determined by isoelectric focusing as 4.62 (see Fig. 2 ). The pHdependency of lab' glucoamylase activity showed a broad plateau in the pH range 4.5-6.5 and so is similar in this respect to the STAI-gene-specified glucoamylase reported on by Yamashita et al. (1985b) .
Comparison of the thermostability of the lab' glucoamylase to that of commercially prepared glucoamylases from Aspergillus oryzae and a Rhizopus species (see Table   3 ) showed that the lab' glucoamylase was substantially more thermostable than the Rhizopus glucoamylase, but rather less so than the Aspergillus enzyme. The lab' glucoamylase is marginally more thermostable than the yeast STA1-gene-and STA3-gene-specified glucoamylase (Yamashita et al., 1985b) . The response to urea denatura- tion of the lab', A. oryzae and Rhizopus enzymes paralleled their thermostability (see Fig. 4 ), but the lab' glucoamylase was more sensitive to SDS than the other two enzymes (see Fig. 5 ). According to Koffier (1957) enzyme thermostability may be conferred by higherthan-average hydrophobicity. qSv. and NPS are protein hydrophobicity indices proposed by Bigelow (1967) and are, for the labl enzyme, 4095 J/mol of residue (978 cal/ mol of residue) and 0.30 respectively. These values are not above the average of the proteins analysed by Bigelow (1967) , so the stability of the lab' glucoamylase may be due to other factors, such as the carbohydrate moiety: it is known that deglycosylation lowers the thermostability of STA1-gene-and STA3-gene-specified yeast glucoamylases (Yamashita et al., 1985b) and the resistance of yeast invertase towards several denaturants, including heat (Chu et al., 1978) . Enzyme properties: kinetic glucoamylase is similar to that for other fungal glucoamylases. For example, increasing hydrolytic rate with increasing maltodextrin chain length is seen for the Aspergillus niger (Lineback et al., 1969) and Rhizopus niveus (Tanaka et al., 1983) enzymes, and Km values are usually high and VmJ' values low for substrates with a-(1-.6)-glycosidic linkages, such as isomaltose and pullulan.
The particular ineffectiveness of yeast (S. cerevisiae) glucoamylases in debranching may be explicable if they have recently evolved from the internal glucoamylase required during sporulation (Colonna & Magee, 1978) , which acts to degrade intracellular glycogen, presumably in concert with an internal debranching enzyme. Southern-blot analysis of genomic DNA from diastatic strains of S. cerevisiae with the use of cloned STAI and STA3 genes as probes suggests that these genes arose from the sporulation-specific glucoamylase gene (present in all strains of S. cerevisiae) through fusion with sequences required for secretion (Yamashita et al., 1985b) .
